Obesity has been associated with impaired executive functions including working memory. Less explored is the influence of obesity on learning and memory. In the current study we assessed stimulus reward association learning, explicit learning and memory and working memory in healthy weight, overweight and obese individuals. Explicit learning and memory did not differ as a function of group. In contrast, working memory was significantly and similarly impaired in both overweight and obese individuals compared to the healthy weight group. In the first reward association learning task the obese, but not healthy weight or overweight participants consistently formed paradoxical preferences for a pattern associated with a negative outcome (fewer food rewards). To determine if the deficit was specific to food reward a second experiment was conducted using money. Consistent with Experiment 1, obese individuals selected the pattern associated with a negative outcome (fewer monetary rewards) more frequently than healthy weight individuals and thus failed to develop a significant preference for the most rewarded patterns as was observed in the healthy weight group. Finally, on a probabilistic learning task, obese compared to healthy weight individuals showed deficits in negative, but not positive outcome learning. Taken together, our results demonstrate deficits in working memory and stimulus reward learning in obesity and suggest that obese individuals are impaired in learning to avoid negative outcomes.
Introduction
The extent to which cognitive functioning is impaired in obesity has been under active investigation for a number of years (e.g., Chelune et al., 1986; Elias et al., 2003; Gunstad et al., 2007; Liang et al., 2014) . Obese individuals tend to show deficits on tasks that are associated with executive function, such as cognitive flexibility, working memory, decision-making, planning and problem solving (Fitzpatrick et al., 2013; Van den Berg et al., 2009 ). For instance, obese, compared to healthy weight individuals show deficits on the one-back visual working memory task (Stingl et al., 2012) . Interestingly, a diet high in fat and sugar was found to have no effect on two classical frontal lobe tasks (Trail Making Test and the Wisconsin Card Sort Test) after accounting for BMI (Francis and Stevenson, 2011) . This suggests that deficits in executive function might be associated with adiposity, rather than diet.
Less clear is whether there are deficits in learning and memory. In the rodent model, obesity and the so-called "Western diet" (high in saturated fat and simple sugars) have consistently been associated with deficits in learning and memory (see Kanoski and Davidson, 2011 for a review). For example, consumption of a Western diet impairs performance on spatial learning and memory tasks (e.g., Farr et al., 2008; Granholm et al., 2008; Jurdak et al., 2008; Murray et al., 2009; Wu et al., 2003) , operant rule learning (e.g., Winocur, 1990, 2001) , as well as feature negative discrimination learning, in which rodents fail to reduce appetitive responding to nonreinforced trials (Kanoski et al., 2007 . There is also evidence that diet induced obesity results in decreased dopaminergic signaling, which is in turn associated with a failure to alter responding for food in the presence of a cue signaling impending shock (Johnson and Kenny, 2010) .
To our knowledge the influence of diet and adiposity on conditioning or stimulus reward association learning has not been examined in humans. However, explicit memory has been examined and produced contradictory findings. In a 2009 review, Van den Berg et al. (2009) reported that only two out of five studies examining explicit memory found evidence of impairment in obese relative to healthy weight individuals. However, the tasks and sample characteristics varied considerably across studies. In one study (Kuo et al., 2006) of men and women between the ages of 65 and 94, BMI had no effect on measures of explicit memory (the Hopkins Verbal Learning Test word lists, the Rey Auditory-Verbal Learning, and the Rivermead Behavioral Memory Test paragraph recall task). In contrast, obese men between the ages of 32-62 displayed deficits in both immediate and delayed recall on a logical memory task (Elias et al., 2003) . In another study in which age was entered as a covariate, a negative correlation was observed between BMI and both immediate and delayed recall of a list of words at a 5-year follow-up (Cournot et al., 2006) . More recently, Francis and Stevenson (2011) reported clear deficits in explicit learning and memory as a function of a diet high in fat and sugar in a population of young adults. Notably, the effect of diet was not influenced by BMI. Stanek et al. (2013) also failed to observe an effect of BMI on performance of verbal list learning. However, deficits have been reported in immediate recall of stories (logical memory; Benito-León et al., 2013) . Miller and colleagues reported explicit memory deficits in one quarter of study participants pre-bariatric surgery, with significant improvement on these measures post-surgery (Miller et al., 2013) , but this could be related to either decreased adiposity or fat intake. The effects of BMI on explicit learning and memory thus remain uncertain.
This uncertainty represents an important gap in the literature, not only because it is important to establish the association between obesity and memory, but also because memory plays an important role in food intake, and memory deficits are thought to contribute to overeating (Higgs, 2005 (Higgs, , 2008 . For example, asking healthy weight individuals to recall items eaten at lunch decreases their food intake later on (Higgs, 2002) . This is a robust phenomenon and raises the possibility that reduced memory for food eaten might result in increased intake later in the day (Francis and Stevenson, 2011; Higgs et al., 2008) .
The purpose of the current investigation was therefore to examine the effect of adiposity on stimulus reward association learning and explicit learning and memory. Working memory was also assessed in the context of one of the stimulus reward association learning experiments. All tasks employed nonverbal stimuli to facilitate comparisons.
Experiment 1
2.1. Method
Participants
Sixty participants were enrolled in this experiment. Participants were members of the New Haven and/or Yale communities. Access to the population was gained by advertising through fliers posted throughout the Yale-New Haven area and by word-of-mouth. All participants were screened over the phone to ensure they met inclusion and exclusion criteria. All participants completed version 1, 2 or 3 (updated versions) of our standard screening form. In version 1 of the form we ask a number of questions related to demographic information (e.g., race, ethnicity, height, weight…), safety questions related to MRI (e.g., implanted devices, brain or cardiac surgery, dental work, metal in body or working with metal), and health questions: ADHD, corrective lenses, visual impairments such as cataracts glaucoma and macular degeneration, head injury, unstable or serious illness, heart attack, stroke, psychiatric disorder, depression, medical hospitalization within the three years, history of drug or alcohol abuse, food allergies, current or recent diet, history of taste and smell impairments, smoker (duration and amount), ear infections in childhood, start date of menstrual cycle, pregnancy. In versions 2 and 3 of our screening form, the questions were similar but slightly more detailed. For instance, participants were also asked to indicate if they have had hypertension, abnormal EKG, Diabetes, HIV/AIDS, kidney failure, chronic pain, seizures, arrhythmia, thyroid problems, hepatitis, liver cirrhosis, abnormal EEG, any heart related conditions, graves diseases, STDs and form of cancer. They are then asked if they have any other past or current medical conditions we have not covered. If the response is yes to any of the above questions the participant is excluded. We additionally ask for the full list of medications people take. Smokers, dieters and heavy drinkers/alcoholics are excluded but not participants with a history of drug abuse, as long as they were not currently taking drugs. If there is evidence of a chronic condition the participant is excluded (e.g. insulin or metformin would suggest diabetes).
Inclusion criteria included age less than 41, being an English speaker and being a non-smoker. Besides the ones mentioned above, exclusion criteria also included being pregnant, a psychiatric or medical diagnosis including diabetes, current dieting, head injury with loss of consciousness, daily medication use or food allergies, or awareness of the probabilistic relationship between the pattern and the reward outcome in the Conditioned Cue Preference Test (CCPT). Eleven participants were excluded. Reasons for exclusion included pregnancy (1), awareness of the probabilistic relationship between the pattern and reward CCPT (3), reported disliking of the treats used in the CCPT (3), performance more than 3 standard deviations from the mean on one of the tasks (2), or missing data on the Abstract Design List (ADL) test or the CCPT (2). Thus data analysis was performed on 49 participants. Participants were recruited to achieve similar distributions of age, gender and education across groups. Demographic information is summarized in Table 1 .
Procedure
Participants were asked not to eat for at least two hours prior to the study. Upon arrival the procedures were explained and consent obtained. Next the neuropsychological tests were performed in the order presented below.
2.1.2.1. Abstract design list learning and immediate recall (ADL). The ADL test measures the ability to learn and remember abstract designs (Jones-Gotman, 1986) . Participants were told that this is a design-learning test and that they will learn the designs by copying each one on a small piece of paper. The thirteen abstract designs were presented for 10 s each on a computer screen for the participant to copy. Once all 13 designs were copied, a piece of paper was provided to draw, in any order, as many designs as could be remembered. This procedure was repeated four times. Following the learning and immediate recall phase the conditioned cue preference test was performed so that at least 60 min passed before delayed recall and recognition were assessed.
2.1.2.2. Conditioned cue preference test (CCPT). The CCPT (Johnsrude et al., 1999) assesses preference conditioning for initially neutral stimuli. In this task, participants were told that their objective is to locate and remember the number and location of red but not black balls hidden behind boxes. Unbeknownst to participants abstract patterns (not used in the ADL) were revealed at each box selection and were probabilistically associated with finding a red ball. A food reward and pleasant flourish sound was delivered concomitant to uncovering a red ball and an unpleasant buzzer concomitant to uncovering a black ball.
First, participants were asked to choose one of several commercially available bite-sized treats (Raisins, M&Ms, and Willy Wonka's Nerds candies) to serve as the food reward. Participants were then read the instructions for performing the formation phase of the CCPT (Johnsrude et al., 1999, p. 255 ):
You will see three boxes on the screen. At any time, one of the boxes is hiding a red ball, and the other two are hiding black balls. What you have to do is guess where the red ball is. I would like you to find as many red balls as you can. You can choose a box clicking on it with the mouse. Once you have clicked a box, it will open up and show you which ball was hidden underneath. Every so often, you will be asked how many times you have found the red ball in a particular box. Thus, while you are choosing boxes you have also to try and remember how many times you have found a red ball in each of the three boxes.
The formation phase consisted of six training blocks of 20, 30, 40, 40, 30 and 20 trials (i.e., 180 trials in total) . Working memory was assessed during this formation phase by asking the participants to report the number of times red balls were presented and where they occurred at the end of each block. The test was programmed so that each of the three abstract patterns behind the balls was presented an equal number of times in each square and an equal number of times in total. This was done to equate exposure and avoid mere exposure effects (Zajonc, 1968) . We also counterbalanced the pattern-reward contingency associations by using three versions of the task so that each pattern was associated with each reward contingency (90%, 50% or 10% predictive of the red ball).
The second phase of the test, called judgment phase, began once all training blocks were completed. This phase aimed at assessing cue preference formation. Participants were shown a pair of abstract patterns on the computer screen, one on the left and one on the right. Participants then chose the pattern that they preferred by clicking on it with the mouse. They received the following instructions (adapted from Johnsrude et al., 1999, p. 257) : "You will see two patterns on the screen. I would like you to choose the one you prefer by clicking it. Don't think too hard, just go with your first impression". This was repeated 30 times. Each of the three patterns was presented ten times, five times on the left and five times on the right. The patterns presented during this phase of the test consisted of the three abstract patterns used in the first part of the test as well as three novel abstract patterns (see Fig. 1 ). All possible pairs of patterns were presented.
During the third phase of the test, called question phase, participants were shown all six patterns from the judgment phase. These patterns were presented with a number on top of each of them. This number represented the number of times that they were chosen as preferred during the judgment phase. For the three patterns chosen most often, participants were asked why they preferred these patterns. Participants were also asked if they remembered seeing any of the patterns during the initial (formation) phase of the test.
2.1.2.3. Delayed recall and recognition of the ADL. To assess delayed recall, after the completion of the CCPT, participants were asked to draw from memory as many of the ADL designs as they could remember on a blank sheet of paper. Recognition was then queried by displaying one of the ADL designs along with five foils on a computer screen and asking participants to indicate which design had been previously copied. There were thirteen trials, one for each ADL design.
2.1.2.4. Anthropometric measures. Height and weight were measured using a Detecto 439 Mechanical Scale (footwear and coats removed).
2.1.2.5. Compensation. Finally, the participant was paid 40 $US as compensation for their time.
Results

Age and level of education
One-way Analyses of Variance (ANOVA) revealed no significant differences in age and education across the three groups {age:
ADL
The results of the ADL are presented in Fig. 2 . A repeated measures ANOVA with the factors experimental group (3: healthy weight individuals, overweight individuals, obese individuals) and trial (4: trial 1, trial 2, trial 3, trial 4) showed a significant main effect of trial [F(3, 138)¼312.89, po.001, η 2 ¼.87], reflecting greater design recall with increasing number of trials, but no significant interaction between group and trial [F(6, 138)¼ 1.21, p¼.306] and no main effect of group [F(2, 46)¼ 0.37, p¼.690] (Fig. 2) . Similarly, one-way We also analyzed the slopes of remembered items across trials since prior studies have shown that right hippocampal damage impairs learning but not remembering of designs (Madjan et al., 1996) . There was no main effect in slope across the groups [F(2, 46)¼1.37, p¼.265].
Thus, we conclude that BMI does not influence the ability to learn or remember abstract designs.
3.3. CCPT
Working memory task
To determine if BMI is associated with working memory we compared total number of errors on the red ball counting task across groups. A one-way ANOVA revealed a statistical trend [F(2, 45)¼2.65, p¼.082, η 2 ¼.11] for group differences. Since we had hypothesized that the obese and overweight groups would perform worse than the healthy weight group we performed planned comparisons to test these specific predictions. Overweight [F(1, 29)¼4.56, p¼ .041, η 2 ¼.14] and obese individuals [F(1, 30)¼5.04, p¼.032, η 2 ¼.14] both made significantly more errors than did the healthy weight participants and did not differ from each other [F(1, 31)¼0.46, p¼.502] (Fig. 3) . A follow up analysis showed that healthy weight individuals tended to make less over-estimation errors than overweight [F(1, 29)¼4.02, p¼.054, η 2 ¼.12] and made significantly less than obese [F(1, 30)¼ 4.24, p¼.048, η 2 ¼.12].
Condition cue preference test (CCPT)
The results of the CCPT are displayed in Fig. 4 . The average number of times (from 0 to 10) that a pattern was selected as most preferred served as the preference score.
To determine if preference scores differed across the groups we conducted a 3 Â 3 repeated measures ANOVA with the factors experimental group (3: healthy weight, overweight, obese) and pattern (3: positive, bivalent, negative). This analysis revealed a significant group by pattern interaction [F(4, 92)¼ 2.80, p¼ .030, η 2 ¼ .11], which arose because the preferred pattern differed across groups. Specifically, the healthy weight group showed no preference for a single pattern, selecting each as most Petrides and Milner (1982 Next, we considered whether working memory ability was related to preference formation. Working memory demand has been shown to interfere with preference formation in this task (Brunstrom and Higgs, 2002) . Since our healthy weight subjects failed to develop a preference for the positive outcome pattern and since overweight and obese individuals demonstrated working memory deficits we hypothesized that the lack of preference formation in the healthy weight group and the negative preference in the obese might be related to working memory performance. To test this we re-ran all analyses using the total number of errors on the working memory task as a covariate. Preference learning was still absent in the healthy weight group [F(2, 26)¼1.13, p¼.337]. Obese participants no longer showed a preference for the negative over the positive pattern [F(1, 15)¼0.02, p¼.884], but still preferred the negative over the bivalent pattern [F(1, 15)¼5.37, p¼ .035, η 2 ¼ .26]. This pattern was also more preferred by the obese compared to the overweight group [F(1, 30)¼ 5.19, p¼ .030, η 2 ¼.15]. To gain further insight into how working memory might impact results we ran correlation analyses between the working memory and preference scores. A trend towards a negative relationship was observed between working memory scores in the obese and preference score for the negative outcome pattern (r¼.À 46, p¼ .062). Specifically, poorer working memory scores were associated with greater preference for the negative outcome pattern. This association was not observed in the overweight and healthy weight groups.
We therefore conclude that working memory demands were unrelated to our failure to observe a positive preference formation in the healthy weight group, but may be related to negative preference formation in the obese.
In summary, BMI did not influence explicit learning and memory but it was associated with impaired working memory and altered conditioning.
Experiment 2
The results from Experiment 1 suggest that conditioning is altered in obesity. However, since healthy weight individuals did not form a preference we cannot conclude that the deficit is with "preference" conditioning per se. In addition, since the unconditioned reward was a snack food, it is possible that even though participants claimed to be unaware of the contingencies, obese participants purposefully selected the pattern not associated with the food to avoid social stigma. In this case performance would not reflect a "preference" for stimuli associated with negative outcomes. To address these concerns we conducted a second experiment where positive and negative outcome learning were assessed (Frank et al., 2004) and money was used to assess preference formation for abstract patterns (Cox et al., 2005) .
Method
Participants
Thirty-six participants were enrolled in this experiment. Participants were members of the New Haven and/or Yale Communities. Access to the population was gained by advertising through fliers posted throughout the Yale-New Haven area and by word-of-mouth. As in Experiment 1, all participants were screened over the phone to ensure they met inclusion criteria 1 . Six healthy weight participants were excluded following participation because they were aware of the association of the reward contingencies. Demographic information is summarized in Table 2 .
Procedure
Upon arrival, the procedures were explained and informed consent was obtained. Next, the neuropsychological tests were performed. The administration order of the CCPT and the probabilistic learning task was counterbalanced across individuals.
Conditioned cue preference test (CCPT)
As in Experiment 1, the CCPT (Cox et al., 2005) assesses preference conditioning for initially neutral stimuli. However, in Experiment 2 money rather than snack food was used as a reward. In the formation phase of this version of the task, similar to Cox et al. (2005) , participants were presented with virtual playing cards. These cards were displayed face up, one at a time, on a computer screen. Participants were told that a number was written on the back of each card. They were instructed to guess whether the number was higher or lower than the value shown. After they gave their response, the card was flipped, and feedback (positive or negative) was given. On "correct" trials, the number superimposed on the back of the card was presented in green. On "incorrect" trials, the number was presented in red. Positive feedback consisted of 0.25 $US and a melodic flourish. Negative feedback was a loss of 0.22 $US and a buzzer sound. This conditioning procedure, including the monetary gain and loss, was proven the most effective of several conditioning procedures tested in previous work Cox (2004) . On the right side of 1 Two obese participants had a history of drug abuse. Excluding these participants did not change the absence of evidence of preference for the positive pattern in the CCPT and the deficit in negative outcome learning in the Probabilistic learning task. the computer screen, there was a "reward bar" that represented cumulative winnings. This bar was always visible, and rose and fell in accordance with the positive or negative feedback. The playing cards varied from numbers 4 to 9. The outcome numbers on the back varied from 1 to 12.
Unbeknownst to the participants, the outcome of a trial (correct or incorrect) was in fact pre-specified, and the outcome numbers were (pseudorandomly) chosen after the participant's response to conform to this pre-specified outcome. Thus, if the face of the card was a 4, the participant pressed "higher," and the trial outcome was pre-specified to be correct, then the number written on the back of the card would be between 5 and 12. Conversely, if that trial was specified to be incorrect, the number on the back would be 1, 2, or 3. This procedure enabled us to control the frequency with which positive and negative feedback was given, while remaining credible to participants. The back of the cards showed an outcome number, which was superimposed on one of five different abstract visual patterns (Petrides and Milner, 1982; Johnsrude et al., 1999) , which were not mentioned in the instructions, and irrelevant to the task itself. Each of the patterns was associated with positive/negative feedback at a pre-specified ratio, of 90%, 70%, 50%, 30% or 10%.
The formation phase consisted of two training blocks, each with 120 trials (120 correct and 120 incorrect). We counterbalanced the pattern-reward contingency by using five versions of the task so that each pattern was associated with each reward contingency (90%, 70%, 50%, 30% or 10% predictive). The patterns of interest were those associated with a 90%, 50% and 10% probability of reward, and were presented 60 times each. The patterns associated with a 70% and 30% probability of reward were presented 30 times each.
The second phase of the test, the judgment phase, began once both training runs were completed. Participants were shown eight patterns, of which five were the conditioned ones, and three were novel. In each trial, two patterns were presented sequentially at first, in the middle of the screen, and then simultaneously, on the left and right sides of the screen. When shown together, participants had to indicate which of the two patterns they preferred. They received the following instruction: "Don't think too hard, just go with your first impression". This was repeated 72 times. Each of the five patterns was presented 18 times, 9 times on the left and 9 times on the right. The patterns presented during this phase of the test consisted of the five abstract patterns used in the first part of the test, as well as three novel abstract patterns. In 30 trials, the positive, negative, and bivalent patterns were paired with each other. In 10 of these 30 trials, the positive pattern was paired directly with the negative pattern. In another 30 trials, each of the three novel patterns (from the binary preference task) was paired with each of the five conditioned patterns. In the 12 remaining trials, the displayed pairs were formed from only novel patterns.
During the third phase of the test, called question phase, participants were shown all eight patterns from the judgment phase. These patterns were presented with a number superimposed on each of them. This number represented the number of times that they were chosen as preferred during the judgment phase. The participants were then asked to indicate why they chose the two patterns chosen most often and the two patterns chosen least often. Participants were also asked if they remembered seeing any of the patterns during the initial (formation) phase of the test. If they said yes, they were asked which ones. Finally, they were asked whether they had noticed anything in particular when seeing them. If the participants did not say anything spontaneously, they were prompted with the following sentence: "for example, with a particular number or color?".
Probabilistic learning task
The probabilistic learning task (Frank et al., 2004) measures the ability to learn from positive and negative outcomes. In the learning phase participants were presented with one of three pairs of patterns (AB, CD and EF), and told to choose one of them. They then received feedback indicating whether their choice was correct or incorrect. In AB pairs, choosing A led to feedback that the choice was "correct" 80% or "incorrect" 20% of the time. Choosing B resulted in the opposite feedback so that it was incorrect 80% of the time. In CD pairs, choosing C led to feedback that the choice was "correct" 70% and "incorrect" 30% of the time (and vice versa for D). In EF pairs, E was correct 60% and incorrect 40% of the time and vice versa for F. Over trials participants learn to choose A, C and E more often than B, D and F. Once criterion is reached the test phase begins where new pairs are presented and feedback no longer provided (AC, AD, AE, AF, BC, BD, BE, BF). If participants learned to choose A over B by learning that A leads to "correct" feedback, they should choose A in all these novel pairs; in contrast, if participants learned to choose A over B by learning that B leads to an incorrect feedback, then they should be more likely to avoid B in the novel pairs.
NART and questionnaires
Participants completed the National Adult Reading Test (NART; Nelson, 1982) as a measure of verbal IQ estimate and filled out the Dutch Eating Behavior Questionnaire (DEBQ; Van Strien et al., 1986) , which assesses restrained, emotional and external eating behavior, and the dietary fat and free sugar questionnaire (Francis and Stevenson, 2013) .
Anthropometric measures
Height and weight were measured using a Detecto 439 Mechanical Scale (footwear and coats removed) and waist circumference was assessed.
Compensation
The participant was paid 30 $US as a compensation for their time, and 3.5 $US for the money they had "won" during the CCPT.
Results
Age and level of education
One-way Analyses of Variance (ANOVA) revealed no significant differences in age between the groups: [F(1, 28) ¼ 2.67, p ¼.114] but a significant difference in the level of education: [F(1, 28) ¼11.68, p¼ .002, η 2 ¼.29]. We consequently conducted all relevant group analyses with the level of education as a covariate.
CCPT-Conditioning cue preference test
The results of the CCPT are displayed in Fig. 5 . The average number of times (from 0 to 18) that a pattern was selected as most preferred served as the preference score.
To determine if preference scores differed across the groups we conducted a 2 n 3 repeated measures ANOVA with the factors experimental group (2: healthy weight, obese) and pattern (3: 90%, 50%, and 10% probability of reward). This analysis revealed a significant group by pattern interaction [F(2, 54) ¼5.27, p ¼.008, η 2 ¼ .16], which arose because the preferred pattern differed across groups. Specifically, healthy weight individuals showed a preference for the positive pattern over the negative one [F(1, 14) ¼24.21, po .001, η 2 ¼.63] and for the bivalent pattern over the negative one [F(1, 14) ¼25.12, p o.001, η 2 ¼.64]. Obese individuals showed no preference for a single pattern, selecting each as most preferred [F(2, 28) ¼1.19, p ¼.318] with equal frequency (average preference scores for the positive, negative and bivalent patterns are 9.00, 
Probabilistic learning task
Consistent with our findings in Experiment 1 the obese individuals were less successful at avoiding the pattern associated with the negative outcome than the healthy weight individuals
In contrast, the groups did not differ in their ability to select the pattern associated with positive outcomes (choose A) [F(1, 27) ¼ 1.57, p ¼.221] (see Fig. 6 ).
NART and questionnaires
Healthy weight individuals did not perform better at the NART than obese individuals [F(1, 27) ¼2.39, p¼ .134] with the level of education as a covariate. In addition, when including NART rather than level of education as a covariate in the above analyses, all effects remained.
There was no significant effect of group on self-reported Western diet consumption [F(1, 23) ¼0.99, p¼ .329]. To evaluate possible effects of dietary restraint, following Brunstrom et al. (2001) we used a median split of the DEBQ restraint score to define restrained and unrestrained. In healthy weight individuals (N ¼ 8 restrained eaters, 7 unrestrained eaters, median ¼2.1), there was no significant interaction between dietary restraint status and contingencies of reinforcement on preference scores [F(2, 26) ¼ 0.55, p ¼.581]. In obese individuals (N ¼ 8 restrained eaters, 7 unrestrained eaters, median¼ 2.95), there was a weak trend [F (2, 26) ¼2.62, p ¼.092]. Preference for the negative pattern was significantly greater for the unrestrained compared to the In summary, in Experiment 2 we find additional evidence of impaired conditioning and negative outcome learning in obesity.
Discussion
We conducted two experiments to examine the relationship between BMI and learning and memory. BMI did not influence explicit learning and memory for abstract designs. However, both overweight and obese groups were impaired relative to healthy control participants on a working memory task. In addition obese participants showed deficits in preference conditioning based on both food and monetary rewards as well as impaired negative outcome learning.
Explicit learning and memory
Prior studies of explicit learning and memory in obesity have produced conflicting findings (e.g., Benito-León et al., 2013; Cournot et al., 2006; Elias et al., 2003; Kuo et al., 2006; Miller et al., 2013; Stanek et al., 2013; Van den Berg et al., 2009 ). The current results support the conclusion that adiposity does not influence this ability. Rather, emerging data in humans and other animals indicate that explicit learning and memory are specifically impaired by consumption of a Western diet independently from adiposity. For example, Kanoski and Davidson reported memory deficits in rodents after as little as three days of Western diet consumption and Francis and Stevenson have recently reported a negative association between verbal memory performance and high fat diet consumption in healthy weight individuals (Francis and Stevenson, 2011) . Our results support and extend this conclusion by not showing any influence of BMI on a nonverbal learning and memory task.
Working memory
Consistent with many prior studies (e.g., Van den Berg et al., 2009; Fitzpatrick et al., 2013; Francis and Stevenson, 2011; Stingl et al., 2012) , we observed a significant impairment in working memory in both overweight and obese individuals. This finding cannot be attributed to age, education or gender, as these factors did not differ across the groups. Importantly, both overweight and obese differed from healthy weight but not from each other. This suggests that working memory impairments do not worsen with increasing adiposity. Interestingly, we also found that the errors made on this task were not random but rather tended to be over-estimations of the number of balls presented. This contrasts with the earlier work by Johnsrude et al. (2000) who reported that patients with frontal lobe lesions tended to make errors of under-estimation. The reason for this discrepancy is not clear. One possibility is that the tendency to over-estimate by the obese relates to the tendency to overestimate negative events (Harris et al., 2009) . Specifically, since overweight and obese participants formed a preference for the patterns that indicated the red ball was less likely to appear, it is possible that the appearance of the red ball might have been experienced as a negative event and consequently over-estimated. 
Stimulus reward association learning: Conditioned preference formation
In addition to working memory and explicit learning and memory we also evaluated the influence of BMI on stimulus reward association learning using two preference conditioning tasks. Several unexpected findings were observed. First, the healthy weight participants did not form a preference for the pattern most strongly predictive of a treat. Thus, we were unable to replicate Johnsrude et al. (1999) and Brunstrom and Higgs (2002) . The reason for this lack of replication is unclear. Our sample was of roughly the same age, education level and gender composition as theirs. Moreover, working memory scores were unrelated to preference formation in healthy weight individuals indicating that working memory demand unlikely accounts for the result. One possibility is that there was a differential effect of experimental demand (Orne, 1962) on the two samples. More specifically, it is possible that our population of participants did not want to be seen as preferring the pattern associated with snack rewards. However, we feel this possibility is unlikely because both studies excluded participants who reported being aware of the association between the patterns and the reward. Nevertheless, in Experiment 2 with monetary reward healthy weight participants did form the expected preferences for patterns associated with positive outcomes.
The second unexpected finding was that the obese group formed a preference for the pattern most strongly predictive of a negative food outcome. Including working memory in the model somewhat diminished the effect, with poor working memory scores associated with stronger preferences for the negative outcome pattern. It is therefore possible that working memory deficits contribute to the altered negative outcome learning. Further, since working memory and negative outcome learning are both dependent upon dopamine signaling (Sawaguchi and Goldman-Rakic, 1991) it is conceivable that the deficits we have observed in working memory and stimulus reward learning both result from altered dopaminergic signaling in response to the obese state. Negative outcome learning impairments and decreased D2 receptor densities have been previously reported in response to extended access to a high fat diet and increased adiposity. Johnson and Kenny found that compared to chow fed rats, rats exposed to a high fat diet showed decreased D2 receptors and failed to reduce responding for food in the presence of a cue that predicted electric shock (Johnson and Kenny, 2010) . Accordingly, in humans Wang and colleagues have shown that morbidly obese individuals have decreased binding potential for D2 receptors (Wang et al., 2001) . Relatedly, individuals at genetic risk for lower D2 signaling are more likely to be overweight (Blum et al., 2000) and are impaired at negative outcome learning (Klein et al., 2007) . Increased impulsivity, characterized by a lack of regard for negative outcomes, has also been observed in obese individuals (Babbs et al., 2013; Mobbs et al., 2010; Nederkoorn et al., 2007 Nederkoorn et al., , 2006 .
One notable feature of our results was that this preference for the pattern associated with the negative food outcome was not present in overweight participants and the strength of preference for the negative outcome pattern was significantly greater for the obese compared to the overweight group. Moreover, the overweight participants formed a preference for the bivalent pattern. This suggests the possibility that impairments in negative outcome learning emerge over time with increased exposure to Western diets and/or greater adiposity. Again, as with the lack of preference formation for the positive outcome pattern, we could not rule out the possibility that overweight and obese participants might have purposefully chosen the negative or bivalent pattern to appear to favor food less. For this reason we conducted a second study using monetary rewards. In contrast to healthy control participants, obese individuals did not form a preference for the positive outcome pattern. This result clearly demonstrates impaired preference conditioning in obesity, which is unlikely related to differences in education or intelligence because all reported effects were controlled for their potential influence. In addition, as in Experiment 1, obese individuals again fail to avoid choosing the negative outcome pattern, selecting it more frequently than healthy weight individuals. Interestingly, preference for the negative outcome pattern was also related to dietary restraint in Experiment 2 (it was not assessed in Experiment 1). Dietary restraint has previously been shown to influence preference formation for flavors, with restrained eaters preferring flavors least frequently paired with chocolate (Brunstrom et al., 2005) . Here, with the monetary reward, the opposite pattern was observed; restrained eaters were less likely to prefer the pattern associated with the negative outcome. This suggests that restrained eating may be associated with more efficient conditioning since in both cases preferences are formed (or avoided) according to the presumed goals of the individual (avoiding calories and maximizing monetary reward). If so, this would also suggest the existence of some level of contingency awareness in restrained eaters-even though they are unable to articulate this association when explicitly asked (Brunstrom, 2004; Brunstrom and Higgs, 2002) .
Likewise, obese compared to healthy weight individuals showed deficits in negative, but not positive outcome learning on the probabilistic learning task. Specifically, they were unable to avoid choosing the pattern consistently associated with negative feedback but were able to learn to select the pattern associated with positive feedback. Since working memory demands are similar in both, this finding suggests that working memory deficits do not account for the observed deficits in negative outcome learning; although this does not preclude the possibility that both impairments are related to altered dopamine signaling.
If it is the case that obese individuals fail to learn about negative outcomes an important question becomes how this impairment may impact eating behavior? There are several possibilities. First, failing to appreciate the negative consequences of overeating may decrease the impact that these outcomes have on deterring unhealthy eating behavior. It may also contribute to compulsive responding for food in a more implicit manner as is observed in rodents who, following a high fat diet and weight gain fail to stop responding for food in the presence of a cue that signals impending shock (Johnson and Kenny, 2010) . Second, as suggested by Kanoski and Davidson (2011) , internal signals of hunger and satiety may fail to appropriately modulate behavior following a high fat diet so that eating occurs despite the fact that one has learned that eating in the absence of hunger fails to produce the expected reward signal (i.e., a negative outcome). In such a manner, brain adaptations to a high fat diet may help to entrain a viscous cycle of positive energy balance leading to obesity. Third, lack of regard for negative outcomes is an integral part impulsivity which is itself consistently linked to overeating and obesity (Yeomans et al., 2008; Delgado-Rico et al., 2012; Davis, 2009) . Our data raise the possibility that a deficit in negative outcome learning may contribute to impulsive eating. Finally, it may be the case that a fundamental deficit in negative outcome learning may contribute to a variety of behaviors associated with unhealthy eating. Regardless, the current findings indicate that future work is needed aimed at linking negative outcome learning deficits directly to eating behavior.
Conclusions
We conclude that working memory and negative outcome learning are impaired in obesity and we speculate that this occurs in response to adaptations in the dopamine system in response to overeating. However, we note two caveats. First, we are unable to rule out the possibility that physiological changes associate with obesity contributed to the observed effects as our exclusion criteria were confirmed only by self-report (i.e., participants did not undergo a full medical exam). Second, norms do not exist for our conditioning task and therefore it is difficult to know the level of actual impairment. For example, group differences could exist with both groups scoring in the normal range.
Authors' contributions
Ms Géraldine Coppin formalized the data analyses of Experiment 1, collected the data of Experiment 2, analyzed the data of Experiment 2 and wrote the manuscript; Ms Sarah Nolan-Poupart participated in Experiment 1's design, collected the data of Experiment 1 and ran preliminary data analyses of Experiment 1; Ms Marilyn Jones-Gotman provided the ADL's materials and participated in writing the manuscript; Ms Dana M. Small designed and supervised the experiments and participated in writing the manuscript.
